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A unique pseudostationary phase for Solid Phase Extraction is presented. This
pseudostationary phase consists of surfactant, which is initially immobilized onto
hydrophilic

cation exchange resin.

The surfactant chain through

hydrophobic

interactions extracts hydrophobic analytes in the same manner as conventional bonded
alkyl moieties on silica based non-polar sorbents.

Although hydrophobic analytes can

be efficiently trapped on commercially available non-polar sorbents (i.e. Ci8 silica),
organic solvents that are necessary to break strong hydrophobic interactions between the
analytes and the sorbent are harmful.

They are also incompatible for direct introduction

into a reversed phase liquid chromatographic set up.

In the presented approach, the

entire pseudostationary phase may be removed via ion exchange in very mild aqueous
solutions, resulting in very efficient elutions with a final extract that is mild and reversed

V

phase liquid chromatographic compatible.

Rinse solution parameters were optimized

and various cationic surfactants attached to cation exchangeable silica including silica
modified with sulfopropyl groups and unmodified silica were investigated to reach
sufficient sorbent hydrophobicity to capture EPA 16 priority polycyclic aromatic
hydrocarbons (PAHs).
determined

using

PAHs were preconcentrated from river water and were

fluorescence

chromatography (HPLC).

detector

coupled

to

high

performance

liquid

Detections limits for all PAHs examined were lower than

EPA's maximum contaminant level.

xi

I.

A.

INTRODUCTION

Background
Advances in analytical instrumentation are continually occurring.

Specifically,

these advances are lower detection limits, greater sensitivity, increased
throughput and faster analysis times.

sample

Techniques in sample collection and preparation,

which are necessary prior to instrumental analysis, have been outpaced through the
development of these modern instruments.

It has been estimated that the majority of

labor and operating costs in a modern analytical laboratory are devoted to processing and
preparing samples for the injection or introduction into analytical

instruments.

Therefore, it is necessary to devote efforts into the exploration of sample preparation
techniques that will keep pace with the advances in analytical instrumentation.

These

efforts should focus on protocols providing less manipulation which will result in less
time needed to prepare the given sample. At the same time, it is important to consider the
environmental impacts of any new development.
The analyte concentrations in a vast majority of real samples are very low, usually
below the instrumental detection limits.

Preparing a sample by concentrating the

species of interest prior to instrumental introduction is often necessary.

l

The most

2

commonly used methods for extraction and preconcentration in water samples are
liquid-liquid extraction (LLE). 1

In LLE, an older traditional sample preparation

technique, analytes partition from one liquid phase into another immiscible phase having
a smaller volume.

Sufficient concentration will occur, provided a proper solvent with a

high analyte partition coefficient is used.

A vast majority of LLE protocols require

successive extractions, which result in long analysis times.

Also, through each

subsequent extraction, a greater volume of the immiscible solvent must be collected.
Chlorinated hydrocarbons, which are toxic, are most commonly used as extraction
solvents because they can provide high distribution coefficients for many analytes and
being denser than water, these solvents are easy to recover from a separatory funnel.
With a greater volume of immiscible solvent collected, evaporation of this solvent is
necessary to obtain a sufficient analyte concentration.

Complete evaporation of this

solvent may also be required to place the analyte in a matrix suitable for the introduction
into the chromatographic instrumentation and the recoveries are often poor.
Currently, the most widely accepted sample preparation method for chromatographic
instrumentation is solid phase extraction (SPE).2'3'4'5

In SPE, a solid sorbent is most

commonly contained within a column, cartridge or disk and aqueous solutions containing
analytes are passed through.

As in LLE, analyte partitioning occurs between two phases.

However, in SPE, analytes partition into this solid sorbent material making SPE much
more efficient than LLE.

After analytes have been sorbed onto the sorbent, they can be

removed by rinsing with a volume of organic solvent much less than that required for

3

LLE procedures.

Solvent evaporation is also generally required with SPE.

Many different solid sorbent materials are available today and the most widely used
sorbents are reversed-phased based. In reversed phase, the hydrophobic analyte is sorbed
onto a non-polar sorbent from a polar (aqueous) phase.

C2, Cg or Cjg moieties bonded

through siloxane bonds onto a silica particle are the most frequently used reversed-phase
sorbents.

Hydrophobicity increases as moiety chain length increases.

Analytes that

have weak hydrophobicity can be successfully extracted onto Qg sorbent.
The success and acceptance of SPE is evident.

Where concentration or sample

clean-up is required, more chromatographic sample preparation methods in the recent
chemical literature use SPE compared with any other sample preparation technique. 6
Though other sample preparation methods exist such as solvent microextraction (SME)
and solid phase microextraction (SPME), 7 they are not at the stage of being as widely
accepted as is SPE.

However, in traditional SPE, many of the organic solvents used to

elute strongly sorbed analytes are immiscible with mobile phases used for HPLC and thus
incompatible for direct injections.

A time consuming and environmentally unfavorable

procedure of "blowing-down" the organic solvent must first be completed.

The residual

material must then be reconstituted in the same volume of a solvent (methanol or
acetonitrile) that is miscible with the mobile phase.

Methylene chloride and benzene are

the most commonly used solvents for strongly hydrophobic analyte elution m SPE.
However, both of them are confirmed carcinogens and possible teratogens and ozone
destroyers 9 .

Other solvents such as THFhave been used to elute PAHs from Cis silica,

4

but it is also HPLC incompatible and/or harmful. 10
Surfactant-based extractions continue to be a very active area of chemical research.
Cloud point extractions 11 '

12

aqueous two-phase extractions 13 '

14

and

admicellar

extraction15"18 all utilize surfactants in liquid solution media and are currently studied for
their environmental and/or selectivity advantages over the use of conventional organic
solvents for the separation of biomolecules.

Surfactants immobilized on support

materials have been used to aid in the extraction of certain analytes.

The use of sodium

dodecyl sulfate in admicelle formation on alumina as an extraction sorbent has been
presented. 19

Pyridium surfactants bound to a cation-exchange resin have been used for

large-scale extraction of organic pollutants. 20 ' 21

The use of solid materials such as

zeolites,22 natural solids, 23 ' 24 anion exchange resins, 25 and strong cation exchange resin26
w ith surfactant surface coverage has been reported as possible environmental remediation
sorbents.

However, the chemistry has not been sufficiently explored, and the full

significance has not been realized.
In this study, we demonstrate that cationic surfactants can be used successfully as
extractants.

The cationic surfactant molecules can be bound ionically to a strong cation

exchange resin.

We propose placing alkyltrimethylammonium bound resin material

within a column, then extracting organic analytes as they flow through from an aqueous
solution.

The overall approach taken is analogous to conventional SPE, but this sample

preparation method will completely eliminate the need for toxic organic solvents.

In our

method, the final extract is mild in comparison and consists mainly of water and lesser
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amounts of surfactant, a low molecular weight alcohol and an inorganic salt.

The

components of the final extract in our proposed study are completely miscible and
directly compatible with HPLC mobile phases.

Our studies have shown no observable

emulsion forms and that no increase in analyte peak band broadening occurs when
analytes are injected in this sample matrix.

A polluting and time-consuming step is now-

omitted.
After extraction and elution of the analytes, regeneration of the strong cation
exchange resin can be accomplished.

The entire "pseudo-stationary phase" (surfactant)

can be easily removed, irreversible analyte sorption, which is common with traditional
SPE, is not encountered.

The differences in cost of purchasing surfactant compared

with purchasing additional traditional SPE extraction media will be profound.

Also, the

preparation of the extraction media can be accomplished in a much easier method and
milder condition of reaction mixture that contains only water, surfactant and resin.

B.

Polycyclic Aromatic Hydrocarbons
PAHs are a group of chemicals that are formed during the incomplete combustion of

coal, oil, gas, wood, garbage, or other organic substances, such as tobacco and
charbroiled meat.

PAHs generally occur as complex mixtures (for example, as part of

combustion products such as soot), not as single compounds.

PAHs are often found in

exhaust from motor vehicles and other gasoline and diesel engines; emission from coal-,
oil-, and wood-burning stoves and furnaces; cigarette smoke; soot and smoke of
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industrial, municipal, and domestic origin, and cooked foods, especially charcoal-broiled;
in incinerators, coke ovens, and asphalt processing and use.
Because of a significant concern of the effect of health of the PAHs, the US Congress
passed the Safe Drinking Water Act in 1974.

This law requires Environmental

Protection Agency (EPA) to determine safe levels of chemicals in drinking water which
do or may cause health problems.

EPA has set an enforceable standard called a

Maximum Contaminant Level (MCL).

MCLs are set at 0.2 ppb for PAHs, considering

the ability of public water systems to detect and remove contaminants using suitable
treatment technologies.

EPA has found PAHs potentially cause red blood cell damage,

leading to anemia and suppressed immune system from acute exposures at levels above
the MCL.

Long-term exposures at levels above the MCL have the potential to cause

adverse developmental and reproductive effects.

There is some evidence that

benzo(a)pyrene has the potential to cause cancer from lifetime exposure at levels above
the MCL.
There are two major sources of PAHs in drinking water: 1) contamination of raw
water supplies from natural and man-made sources, and 2) leachate from coal tar and
asphalt linings in water storage tanks and distribution lines.

PAHs in raw water will

tend to adsorb to any particulate matter and be removed by filtration before reaching the
tap.

PAHs in tap water will mainly be due to the presence of PAH-containing materials

in water storage and distribution systems.

Though few data are available for estimating
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the potential for PAH release to water from these materials, there are reports that
levels can reach 0.01 ppm with optimum leaching conditions. 27 ' 28
There are more than 100 different PAHs.

EPA has placed 16 PAHs on the priority

pollutant list because they are suspected to be more harmful than the others, exhibiting
harmful effects that are representative of the PAHs.

There is also a greater chance that

we will be exposed to these 16 PAHs than to the others.

The structures of these

compounds are shown in Figure 1 and some of their properties are listed in Table 1.

Figure 1

1 .naphthalene

2. acenaphthylene

3. acenaphthene

A

4. fluorene

f?—

5. phenanthrene

6.anthracene

7. fluoranthene

5. pyrene
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15. benzo(g,h,i)perylene

Figure 1.

Structures of EPA 16 priority PAHs.

16. indeno(l,2,3-cd)pyrene

11

Table 1.

Properties of EPA 16 priority PAHs test mixture

Polyaromatic
Hydrocarbon

Log Kow

TQ

Concentration M.W.
Og/mL)

Water Solubility
(g/100 mL)

Naphthalene

3.01,3.32,3.45

1002.4

128

0.0031

acenaphthylene

4.07

1002

152

0.000393

acenaphthene

3.92-4.43

1000.8

154

0.000347

fluorene

4.18,4.38

1000

166

0.000019

Phenanthrene

4.46

1002

178

0.000118

anthracene

4.45

1001

178

0.00000434

fluoranthene

5.33

100.4

202

0.0000265

pyrene

5.32

100.2

202

0.0000013

benzo(a)anthracene

5.61

100.4

228

0.0000014

chrysene

5.61

100.4

228

0.00000018

benzo(b) fluoranthene

6.57

100.4

252

0.00000012

benzo(k) fluoranthene

6.84

50

252

0.000000055

benzo(a)pyrene

6.04

100.4

252

0.00000038

dibenzo(a,h)anthracene 5.97

100.4

278

0.00000005

benzo(g,h,i)perylene

7.23

100.4

276

0.000000026

indeno(l ,2,3-cd)pyrene 7.66

100.2

276

0.0000062
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C.

Purpose of This Study
The purpose of this study is to develop a surfactant-based extractions preparation

method that will completely eliminate the need for toxic organic solvents and where the
components of the final extract are completely miscible and directly compatible with
HPLC mobile phases.

Also, we wish to create a more hydrophobic surfactant-sorbent

extraction system to more efficiently trap PAHs, especially those less hydrophobic PAHs,
from aqueous samples.

D.

Theory and Method
The sorbent preparation is performed by mixing cation exchange resin with cationic

ammonium based surfactants in an aqueous environment.
presented in figure 2,

The extraction procedure is

Through ion exchange the surfactant becomes bound to the

sulfonic acid functional group of the resin.

The resin is now hydrophobic in nature via

the alkyl groups from the surfactant covering the surface and provides a large region for
the partitioning of analytes by hydrophobic interactions.
Next, a sample containing an analyte (i.e., pyrene) is passed through a column
containing this sorbent. Pyrene is sorbed to this material through hydrophobic
interactions with the alkyl chains. Once the analyte is extracted into the surfactant bound
resin column, a strong electrolyte such as NaCl is added to release the surfactant analyte
association and the resin is converted to the sodium form.
containing extracted analytes is collected.

The NaCl-surfactant solution

13

Na4
S 0 3 " Na"1

+
'SO3- Na

+

Alkyltrimethylammonium Surfactant
S0

3 ' Na

+

Cation Exchange Resin

+

2NaBr

14

rinse solution containing CaCl2

Ca2+

+

Figure 2.

2NaCI

Surfactant -"stationary phase" based solid phase extraction process

A) Hydrophilic cation exchange resin is mixed with alkyltrimethylammonium surfactant
(i.e. Ci6 chain) in an aqueous based solution.

B) Aqueous samples containing

hydrophobic analytes (pyrene) are passed through.

Pyrene adheres to the "stationary

phase"

through

hydrophobic

interactions.

C)

The

entire

surfactant-analyte

association is released after passing a solution through the resin that contains
2+
exchange cations (i.e. Ca )

15

Unlike

commercial

silica non-polar

solid

phase

extraction

sorbents

where

interactions between the analyte and sorbent have to be broken by organic solvent, in our
process, it need not be broken.

A mild alcohol, such as methanol or isopropyl alcohol,

may help to weaken the hydrophobic interaction between the surfactant and the resin and
result in effective elutions.

The final extract with a percentage of mild alcohol is still

highly compatible for direct HPLC injections.
The determination of PAHs may be performed by gas chromatography using mass
spectrometric 30
detection32"34.

or flame ionization31

detection

or by HPLC

with fluorescence

In our study, we use HPLC coupled with fluorescence detector to

determine the PAHs molecules.

II. EXPERIMENTAL

A.

Chemical and Materials

EPA 16 priority PAHs test mixtures were purchased from Ultra Scientific (North
Kingstown,

RI).

Naphthalene,

pyrene,

benzo(ghi)perylene

and

anthracenewere

purchased from either Acros (Fisher Scientific, Pittsburgh, Pennsylvania) or Aldrich
(Milwaukee, Wisconsin).

Octyltrimethylammonium bromide(Cg trimethylammonium

bromide), dodecyltrimethylammonium bromide (C12 trimethylammonium

bromide),

hexadecyltrimethylammomum

bromide),

octodecyl trimethylammonium
purchased from Aldrich.

bromide
bromide

(Ci6
(Cis

trimethylammonium

trimethylammonium

were

Cetylpyridinium bromide (C^ pyridinium bromide) was

purchased from ICN Biomedicals Inc. (Aurora, Ohio)
tridodecylamine

bromide)

(tri-Cn

dimethyldipalmitylammonium

amine),
bromide

Tri-n-octylamine (tri-Cg amine),

di-n-octylamine
(di-Ci6

(di-Cg

dimethylammonium

amine),

bromide)

and

n-hexadecyltrimethylammonium hydroxide (C16 trimethylammonium hydroxide) were
purchased from TCI America (Portland, Oregon).
Toyopearl SP-550C was purchased from Aldrich. Strong cation exchange silica
(SCX-2), Cg and Cig SPE silica were purchased from Argonaut (Foster City, California).
Unmodified silica was purchased from International Sorbent Technology Ltd. (Hengoed

16
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Mid Gladm, UK).

Methanol (HPLC grade), ethanol (HPLC grade), 2-propanol (HPLC

grade), and acetonitrile (HPLC grade) were purchased from Fischer Scientific (Fair Lawn,
New Jersey).

Salts of all exchange ions were in the chloride form and purchased from

Aldrich.

B.
B.l

Instrumentation
High Performance Liquid Chromatograph (HPLC)

A Varian High Performance Liquid Chromatograph was used in this study. The
samples were stored in glass vials and loaded into the Varian Prostar Auto Sampler
(Model 910).

Following sample injection the system was fully computer automated. A

Microsorb Cis column (Varian Analytical Instruments, Walnut Creek, California) and
Pinnacle II PAH column (Restek Corporation, Bellefonte, Pennsylvania) were utilized as
the stationary phase for the HPLC, which was run in the reversed phase.
was a Varian fluorescence detector (Model 363).

The detector

The mobile phase was programmed on

a Varian Reciprocating Pump (Model 9012) using water and acetonitrile. The data
collected from the HPLC was used to calculate the percent recoveries of PAHs.

B.2

Liquid Chromatograph(LC)

A Varian Liquid Chromatograph (Varian 5000) coupled with a UV-visible detector
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(Varian 9050) was used to measure the retention time that are relate to the hydrophobicity
of surfactant-sorbent systems.

B.3

LECO CHN Analyzer
Nitrogen and carbon analysis of the sorbent materials was obtained from a

LECO(Model 100) CHN analyzer (St. Joseph, MI, USA).

Data obtained were used to

calculate the percentage of surfactant attached to and removed from the resin.

The

surfactant was the only source of nitrogen on the studied extraction sorbents.

B.4

Adjusta-Chrom Chromatography Column
All sorbents were housed in a 360 x 10 nm I.D.

Adjusta-Chrom (Ace Glass,

Vineland, NJ, USA) adjustable chromatography column.

In order to accommodate the

small amount of sorbent, 15 and 30 cm plastic extenders with frits were used.

The

Adjusta-Chrom column allows minimal contact polymeric materials (esp. frits).

B.5

Platform Shaker
Toyopearl SP-550C resin and SCX-2 resin were mixed with surfactant and shaken on

a Platform Shaker (New Brunswick Scientific, Edison, NJ, USA) for approximately one
hour.

19

B.6

Soxhlet Extraction Apparatus
Surfactant bonded Toyopearl SP-550C resin and SCX-2 used in this study were

cleaned at least eight hours by Soxhlet extraction with 2-propanol.

B.7

Syringe and Syringe Pump
Rinse study solutions were forced through an Adjusta-Chrom column using a

KDScientific Single Syringe Infusion Pump equipped with a glass syringe.

The flow

rate was set at 2 mL/min.

B.8

Sample Delivery System
Breakthrough study samples were first placed into a 2L bulb (5824-15, Ace Glass,

Louisville, KY) and then delivered through the sorbents.

The bulb was connected to the

Adjusta-Chrom column using a 25 mm adapter (Ace Glass) 1/8" Teflon tubing with a
P-621 adapter (Scivex, Oak Harbor, WA).

One end attached the bulb to the column and

the other was connected to air in order to create pressure (8psi) to send the sample
through the column.

The air was filtered by Deltech filter (Model 0202, Tulsa, OK) and

the pressure was controlled by a Brooks Pressure Regulator (Model 8601, Hatfield, PA,)

C.
C.l.

Sorbent Preparation
Preparation of Toyopearl SP-550C and SCX-2
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The strong cation-exchange Toyopearl SP-550C resin and SCX-2 resin were obtained
in the commercially available Na form.

The resin was mixed with a 1:1 mol ratio of

surfactant and shaken on a Platform Shaker for approximately one hour.

The exchange

capacity of Toyopearl SP-550C is 0.15 meq/mL and SCX-2 is 0.41 mmol/g.
volume of 2-propanol was used to completely dissolve the surfactant.

A small

Then the resin

surfactant sorbent was filtered and washed with 100 ml deionized water five times.

A

soxhlet extraction setup was used to clean this sorbent for at least 8 hours using
2-propanol as the solvent.

The cleaned sorbent was stored in an all-glass container with

a ground glass stopper.

C.2.

Preparation of Silica
The silica resin was obtained in the commercially available hydrogen form, and

need to be changed into Na form by treating with sodium hydroxide.

One gram of the

silica resin was placed into the adjustable chromatography column and 1:1 mol ratio
diluted sodium hydroxide (0.1M) was passed through the column.
exchange capacity of Silica is 0.74mmol/g.

The calculated

After the silica resin changed into Na

form, 1:1 mol ratio of surfactant was introduced into the adjustable chromatography
column.

D.
D.l

The surfactant was exchanged itself onto the silica resin.

Standard Preparation
16 PAHs Standard Preparation
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The 16 PAHs Standard was first prepared by diluting lmL EPA 16 priority PAH test
mixtures (The concentration of each compound in the mixture is listed in Table 1.) to
20mL and stored in a brown glass bottle with a screw cap.

For each experiment, 100 |iL

of this diluted solution was spiked into the sample matrix.

The same volume of diluted

solution was then diluted to 2mL using 50% 2-propanol in water, which is the same as it
is in the rinse solution used in the elution step, as the standard compared with each
extract.

D.2

Three PAHs and Anthrancene Standard Preparation
The three PAHs standards were prepared by making up a solution in which the

concentration of naphthalene, pyrene and benzo(ghi)perylene is 2.5 parts per million
(ppm).

It was stored in a brown glass bottle with screw cap.

(J.L of this diluted solution was spiked into an aqueous sample.

For each experiment, 10
The volume was then

diluted to 2mL using 50% 2-propanol in water, which is same volume as the rinse
solution used in the elution step.

E.
E.l.

Extraction of PAHs
Rinse Studies
For all rinse studies, a 2 mL solution consisting of 10 fiL from a 2.5 ppm

naphthalene, pyrene and benzo(ghi)perylene standard and 1.99 mL of 10% methanol was
placed in a glass syringe and then delivered to the sorbent in an Adjusta-Chrom column
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using a KDScientific Single Syringe Infusion Pump.

Then 2mL aliquots of rinse

solution were washed through the sorbent for a maximum of five times.

Percent

recovery was determined for each rinse.

E.2

Breakthrough Studies
For the breakthrough studies, various volumes of 100 parts per million (ppm) CaCC>3

(using CaCF-2H 2 0) in 10% methanol were spiked with a standard solution, these samples
were placed in a 2L bulb and delivered through the sorbent.
was washed through the sorbent three times.

Then 2 mL of rinse solution

Flow rate was approximately 10 mL/min.

Percent recovery was determined for each rinse.

All experiments were performed in

trials of three.

E.3

Parameters of the HPLC
A HPLC system was run in the reverse phase mode using a Varian Microsorb Cis

column (Varian Analytical Instruments, Walnut Creek, CA, USA) or a Pinnacle II PAH
column connected to a fluorescence detector.

3.1

Varian Microsorb C c o l u m n
For Varian Microsorb Cis column used as stationary phase, the excitation/emission

wavelengths were programmed at 270 nm/350 nm for naphthalene and 270 nm/400 nm
for pyrene and benzo(ghi)perylene.

The mobile phase was programmed on a
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reciprocating pump (Varian 1020) using water-acetonitrile at 85:15 (v/v) sustaining for
five minutes then ramping to 0:100 (v/v) in 15 minutes and remaining for an additional
five minutes with a constant 0.80 mL/min flow-rate.

All injections were at 50 jj.L using

an autosampler.

3.2

Pinnacle II PAH column
The excitation/emission wavelengths were set at 280 nm /390 nm.

The mobile

phase was programmed with a reciprocating pump using water-acetonitrile at 80: 20 (v/v)
holding for 5 min, then ramping to 0:100 (v/v) in 30 min and remaining for an additional
15 min with a constant 0.80 mL /min flow-rate.

All injections were at 10 fiL using an

autosampler.

F.

Determination of Hydrophobicity of Surfactant-Sorbent System
Determination of hydrophobicity of a surfactant-sorbent system was performed by

Varian liquid chromatograph.

First, 2mL of various sorbent were loaded into the

Adjusta-Chrom column and then a different surfactant (1:1 ratio) was passed through the
column and attached onto the sorbent.
stationary phase.

Each different sorbent-surfactant served as a

The mobile phase was programmed with a reciprocating pump using

water-methanol at 40:60 (v/v) with a constant flow-rate of 0.8 mL/min.
retention time was measured to indicate the hydrophobicity of the system.

The adjusted
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G.

Mean, Standard Deviation and Detection Limits
The results from each of the three trials were used to determine an average recovery

for each individual rinse.
the three trials.

The standard deviation was calculated using the results from

The errors bars displayed in the following figures indicate the standard

deviation associated with each respective column.
The retention time of anthrancene indicating the relative hydrophobicity is calculated
by means of three trials.

The standard deviation of percentage nitrogen and carbon was

calculated from three trials.
Detection limits were calculated by multiplying the background noise by three then
dividing by the slope of the response.

III.

A.

RESULT AND DISCUSSION

Optimal Rinse Solution

A.l.

Exchange Ion

1.1.

Concentration of Exchange Ion
We initially explore whether there is a direct correlation between the concentration of

the exchange ion (calcium) in the rinse solution and the amount of PAHs eluted.

The

experiments were performed using Toyopearl SP-550 as the sorbent attached with Ci6
trimethylammonium bromide surfactant to extract and remove PAHs.

Napthalene,

pyrene and benzo(ghi)perylene, which differ in degree of hydrophobicity were selected as
test molecules in our preliminary study.

These three PAHs have log octanol-water

partition coefficients of 3.01 to 3.45, 5.32 and 7.23 respectively and present low, middle
and high hydrophobicity.

The exchange ion serves to remove the surfactant and thus the

associated analyte from the resin.

In 2mL of resin, which was the volume used in each

column extraction experiment, Toyopearl SP-550 contains approximately 0.30mmol of
negatively charged sulfate groups.

Two-milliliter aliquots of rinse solution containing

0.10M Ca 2+ , 0.25M Ca 2+ and 0.50M Ca 2 + will provide 0.40, 1.00 and 2.00mmol of
counter charge, respectively.

In Figure 3, the results of the elution of napthalene,
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pyrene and benzo(ghi) perylene from a Ci6 trimethylammonium form of Toyopearl
SP-550 using rinse solutions with these varying Ca 2+ concentrations are presented.

Two

milliliters of each rinse solution, which consisted of 75% 2-propanol and Ca 2+ at various
concentration were passed through the sorbent individually, after the test molecules were
applied according to the experimental procedure. Percent recovery was based on the first
three rinses.

With rinses, quantitative elution is essentially achieved in the first two

rinses for all the test molecules.

The elution profile using the 0.10M Ca

with pyrene and benzo(ghi)perylene between the two sorbents.

rinse differs

With this Toyopearl

based sorbent, all three test molecules have the highest elution percentages in the first
rinse.

After the first 0.10M Ca 2+ rinse with the Toyopearl resin 33% of the surfactant

remains.

The remaining surfactant hinders elution according to hydrophobicity of the

test molecules.

The surfactant phase was essentially entirely removed with the first

rinse using the 0.25M Ca 2+ solution.
to completely remove the surfactant.

It required two rinses of the 0.10M Ca 2+ solution
No significant benefit was achieved using the

0.50M Ca 2+ rinse versus the 0.25M Ca2+ rinse.

1.2.

Type of Exchange Ion
Experiments were conducted that were aimed at exploring the effect of varying

exchange ions versus the amount of napthalene, pyrene and benzo(ghi)perylene eluted.
Fig. 4 presented the results of the elution of napthalene, pyrene, and benzo(ghi)perylene
from the Ci6 trimethylammonium form of Toyopearl SP-550 using different
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environmentally friendly cations, namely Ca 2+ , Mg 2+ and Na + .

Two milliliters of each

rinse solution, which consisted of 75% 2-propanol and exchange cations at a constant ion
charge concentration of 0.50M, were passed through the sorbent individually
percent recovery was measured from the first five rinses.
were removed in one or two rinses.

The

In all cases the test molecules

The surfactant was essentially entirely removed in

all cases after the first rinse.

A.2.

Water soluble alcohol

2.1.

Type of Alcohol
Examined next was the effect of the type of alcohol, namely methanol, ethanol and

2-propanol on the elution of napthalene, pyrene, and benzo(ghi)perylene.

Alcohol is

necessary in the rinse solution in order to allow the surfactant chains to extend, thereby
providing space for solution cations to ion exchange.

In Figure 5, the results of the

elution of napthalene, pyrene, and benzo(ghi)perylene from a Ci6 trimethylammonium
form of

Toyopearl SP-550 using various alcohols are presented.

Two milliliters of

each rinse solution, which consisted of 0.25M Ca 2+ ions and 75% of each alcohol was
passed through the sorbent containing the introduced test molecules, individually.
Percent recovery was based on the first three rinses.

Methanol is a relatively weak

alcohol that recovers a lesser percentage of the analytes in the early rinses compared to
ethanol and 2-propanol.
(approximately 21%).

Surfactant remained after the first rinse with methanol only
Ethanol and 2-propanol are stronger elution alcohols, though
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2-propanol

consistently

aids

in the removal

of the naphthalene,

pyrene,

and

benzo(ghi)perylene in fewer rinses.

2.2.

Concentration of Alcohol
The effect of alcohol concentration, specifically 25%, 50%, 75% and 90%o

2-propanol, on the elution of napthalene, pyrene and benzo(ghi)perylene was studied.
Figure

6

illustrates

the

results

of

the

elution

of

napthalene,

pyrene

and

benzo(ghi)perylene from the Ci6 trimethylammonium form of Toyopearl SP-550 using
these various alcohol concentrations.

Two milliliters of each rinse solution which

consisted of 0.25M Ca 2+ and 2-propanol at each of these concentrations were passed
through the sorbent individually.
rinses.

Percent recovery was calculated for the first three

The elution of the analytes was favored under median conditions, which would

be either the 50% or 75% 2-propanol for both resins.

Insolubility of the test molecules

in the solutions at the extreme ends is probably the factor that resulted in less than
quantitative elutions. In all cases the surfactant was completely removed after the first
rinse.

B.
B.l.

Effect of Surfactant
Comparison of resin with and without surfactant
The properties of PAH removal and breakthrough of these sorbents with and without

immobilized surfactant were investigated. Naphthalene, pyrene, and benzo(ghi)perylene
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were introduced onto the Toyopearl SP-550
surfactant and original Na forms.

According to Figure 7a, benzo(ghi)perylene could

not be entirely removed with a 0.25M Ca
sodium form.

resin in the Ci6 trimethylammonium

50% 2-propanol rinse on the resins in the

When the surfactant form resin is used, quantitative removal of this

molecule is achieved.

Next, a 2000mL, 100 ppm CaCC>3 hard water, 10% methanol

spiked PAH sample was passed through each of these resin forms to study breakthrough
of the Na form resin.

Figure 7b shows the results of the breakthrough elution of

naphthalene, pyrene and benzo(ghi)perylene from Toyopearl SP-550 with and without the
Ci6 trimethylammonium surfactant on the resin.

Among the three test molecules,

pyrene has a significant decline in response with the Na form versus the surfactant form
resin.

When a quantitative amount of pyrene is introduced onto the resins, as in Figure

7a, a quantitative or near quantitative removal is achieved.

Much less than a

quantitative recovery for pyrene results in the experiment processing the 2000 mL sample.
We attribute this to pyrene breakthrough, which occurs with the Na form.

The

surfactant form prevents this breakthrough from occurring.

B.2.

Elutions where the surfactant remains on the resin
In

Figure

8,

the

results

of

the

elution

of

napthalene,

pyrene,

and

benzo(ghi)perylene, with and without an exchange ion (Ca 2+ ) in the rinse solution, from a
Ci6 trimethylammonium form of Toyopearl SP-550 are presented.

Percent recovery was

measured on the first five rinses using a 0.25M Ca 2+ 50% 2-propanol solution.

The
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forms, (b). Elution of naphthalene, pyrene, and benzo(ghi)perylene after trapping from a
2000mL sample in the Na and Ci6 trimethylammonium forms.
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presence of an exchange ion in the rinse solution results in more efficient test molecule
elution.

Without the exchange ion to remove the surfactant and thus the analyte, the

solvent has to break hydrophobic interactions in order for the elution to occur causing the
test molecules to elute in later rinses.

The greater the hydrophobic interaction between

the test molecule and sorbent the more rinses needed.

Complete removal of pyrene and

benzo(ghi)perylene was not achieved within five rinses using the 50% 2-propanol rinse.
Analyte hydrophobicity is not a concern when the surfactant is removed.

When the

surfactant is removed, all analytes have essentially the same elution profile, where a large
portion (80-90%) is removed in the first rinse and a smaller portion is removed (<20%)
on the second rinse.

Quantitative removal for all three test molecules is easily achieved.

According to the nitrogen analyses, the surfactant was removed in virtual entirety after
the first rinse in all cases when using rinse solution containing an exchange ion.
Nitrogen analyses also confirm that the surfactant remains at its original concentration on
the sorbent after rinsing with alcohol-water solutions not containing an exchange ion.

B.2.

Choice of Surfactant
A concern when using the sorbent is the possibility of losing the surfactant

through the exchange of metal cations in natural samples.

The loss of the "stationary

phase" (surfactant) would most likely result in an inefficient extraction of analytes.
Alkyltrimethylammonium surfactants of three different chain lengths were immobilized
onto Toyopearl SP resin individually.

Various volumes of hard water at 100 ppm CaCC>3
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in a 10% methanol solution were passed through the sorbents and the results of the
relative amounts of surfactant remaining are presented in Figure 9.

A 10% methanol

component was used to minimize the more hydrophobic test molecules from adhering to
the extraction setup containers.

The Cstrimethylammonium surfactant is completely lost

from the resin after 100 mL of sample is applied.

After 1000 mL of sample is passed

through the Cstrimethylammonium form resin, the resin contains no detectable amount
of surfactant.

The Ci6 trimethylammonium form resin performs best and a vast majority

of surfactant remains (>95%) after 1000 mL of sample passes through.

The

hydrophobicity of the surfactant plays an important role in shielding exchange ions in
natural matrices.

C.
C.l.

Breakthrough Studies and Application
Toyopearl SP-550 Resin

A breakthrough study, according to Hennion and Pichon, 35 using a 100 ppm CaCC>3 hard
water in 10% methanol solution was performed in order to simulate practical conditions
that may be encountered.

Cations in real samples have the potential to remove

surfactant, thus remove "the stationary phase" prematurely.

Various volumes of hard

water were utilized in order to study their effect on the concentrating of napthalene,
pyrene and benzo(ghi)perylene.

A constant volume (10jaL) of a 2.5 ppm PAH standard

was spiked in varying sample volumes, thus the concentration of naphthalene, pyrene,
and benzo(ghi)perylene varied with the volume (i.e., the 1 liter in volume had a

Figure 9.

Relative amount of surfactant (C 8j C n and C 16 trimethylammonium) remaining on the resin after the introduction of 100 ppm

CaC0 3 10% methanol solutions

oo
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concentration of 25.0 ppt of naphthalene, pyrene, and benzo(ghi)perylene, the 2 liter
sample had a concentration of 12.5 ppt naphthalene, pyrene, and benzo(ghi)perylene,
etc).

Figure

10 shows the results of the elution of napthalene, pyrene

and

*

benzo(ghi)perylene from a Ci6 trimethylammonium form of Toyopearl SP-550 resin
using the sample volumes from 250mL to 2000 mL in 10% methanol 100 ppm CaCC>3
hard water. Throughout these breakthrough studies, a 0.25M Ca2+ 50% 2-propanol rinse
solution was used.
volumes.

Pyrene and benzo(ghi)perylene did not breakthrough at the studied

Naphthalene broke through as the volumes increased due to its higher

solubility in water compared to pyrene or benzo(ghi)perylene. After passing the 2000 mL
10% methanol, hard water sample through the resin, the percentage of surfactant
remaining on the Toyopearl SP resin was 95%.
We applied the breakthrough study on a real matrix (Ohio River Water).

The same

procedure as the breakthrough study was implemented, but with the use of the Ohio River
water sample in 10% methanol (2 liters).

Ten microliters of a 2.5-ppm naphthalene,

pyrene and benzo(ghi)perylene standard was spiked into 2000mL of this sample and
passed through the
was run unspiked.

trimethylammonium Toyopearl sorbent.

One 2000-mL sample

The resulting chromatograms are depicted in Figure 11. Because

naphthalene breaks through at this volume, quantitation was not feasible.

Quantitative

recovery in the spike was obtained for benzo(ghi)perylene (97±6%>) and pyrene
(101±4%).

The

spiked

sample

represents

benzo(ghi)perylene at 12.5 parts per trillion.

a

determination

of

pyrene,

We believe these chromatograms show

and
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Extraction of naphthalene, pyrene, and benzo(ghi)perylene in an Ohio River Water matrix, (a) Chromatogram of the

extraction of 2000mL of Ohio River water using Toyopearl 550 SP with immobilized Ci6 trimethylammonium surfactant, (b)
Chromatogram of the extraction of 2000mL of spiked Ohio River water using Toyopearl 550 SP with immobilized Cie
trimethylammonium surfactant, (c) Chromatogram of standards (1) naphthalene, (2) pyrene, (3) benzo(ghi)perylene at 12.5 parts per
trillion, (d) Blank extraction using distilled water.
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much promise for the accurate determination of a vast amount of hydrophobic pollutants
in aqueous samples.

In addition, determinations of hydrophobic pollutants via

ultraviolet visible detection with HPLC are feasible because these surfactants show
negligible

background.

Throughout

our

many

repetitive

injections

of

this

surfactant-based extract we did not observe any adverse chromatographic behavior of our
test molecules.

C.2.

SCX-2 Resin

We then focused on creating a surfactant immobilized sorbent system that would
enable more efficient recoveries of a wide range of PAHs.

We initially tested the

recovery of the 16 PAHs by using 1 mL of strong cation exchange modified silica
(SCX-2)

having

ion

SCX-2-+N(CH3)3Ci8).

exchanged

octadecyltrimethylammonium

(abbreviated

This system was placed within the extraction column and 1000

mL of a 10% methanol with deionized water (18 MQ), lOOppm CaC03 (using
CaCl2 2H2O) containing the noted concentrations of PAHs (Table 2) were passed through.
The first two bed volume rinses using 0.25M CaCl2 in 50% 2-propanol resulted in
quantitative

or

near

quantitative

recovery

for

fluoranthene

through

indeno(l,2,3-cd)pyrene, with 85% or more eluting in the first rinse. (Data are listed in
Table 3).

The total trapping for the remaining PAHs are noted in Table 2.

Naphthalene and acenaphthylene experienced total breakthrough while the recoveries of
the following three PAHs are very poor and the recovery of anthracene is less than 90%.
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Table 2. Percent recovery of PAHs using the surfactant immobilized sorbent,
SCX-2-+N(CH3)3Ci8, and the surfactant immobilized sorbent in conjunction with a
commercial Cis sorbent.

HPLC
elution
order

Polyaromatic
Hydrocarbon

Spike level
(ig/L

Percent
recovery
+
SCX-2- N(CH 3 ) 3 C 18

Percent
recovery
+
SCX-2- N(CH 3 ) 3 C 18
and commercial Cis

1

naphthalene

2.50

N/D

76.6±4.6

2

acenaphthylene

2.50

N/D

84.8±5.9

3

acenaphthene

2.50

22.4±1.3

92.715.9

4

fluorene

2.50

22.6±3.3

96.113.0

5

phenanthrene

2.50

42.4±5.6

99.5+2.2 '

6

anthracene

2.50

83.1±2.4

108.613.7

7

fluoranthene

0.250

95.1+1.2

99.3+2.0

8

pyrene

0.250

94.9±0.3

101.212.4

9

benzo(a)anthracene

0.250

98.5±2.8

99.112.7

10

chrysene

0.250

100.1+3.0

98.512.1

11

benzo(b)fluoranthene

0.250

96.4±1.4

98.012.6

12

benzo(k)fluoranthene

0.125

92.1+2.5

98.9+0.2

13

benzo(a)pyrene

0.250

97.7+1.2

102.7+1.7

14

dibenzo(a,h)anthracene

0.250

91. 1±3.6

83.315.0

15

benzo(g,h,i)perylene

0.250

90.112.4

85.5+1.6

16

indeno(l,2,3-cd)pyrene

0.250

95.4±1.2

91.310.6

N/D no amount detected

Table 3. Percent recoveries obtained from first two rinses using the surfactant
immobilized sorbent, S C X - 2 - + N ( C H 3 ) 3 C i 8

HPLC elution Polyaromatic

Percent

Recovery

order

Hydrocarbon

1

naphthalene

N/D

N/D

2

acenaphthylene

N/D

N/D

3

acenaphthene

17.3

5.1

4

fluorene

18.2

4.5

5

phenanthrene

31.5

10.8

6

anthracene

66.4

16.7

7

fluoranthene

85.2

9.9

8

trvrpnp
f J ••

9

benzo(a)anthracene

90.1

8.5

10

chrysene

92.8

7.3

11

benzo(b)fluoranthene

90.4

6.1

12

benzo(k)fluoranthene

90.5

1.6

13

benzo(a)pyrene

91.9

5.8

14

dibenzo(a,h)anthracene

91.1

N/D

15

benzo(g,h,i)perylene

90.1

N/D

16

indeno(l,2,3-cd)pyrene

90.4

5.0

rinse 1

rinse 2

cu.0u
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Nitrogen analysis reveals that quantitative removal of surfactant occurred after the first
bed rinse.

Doubling of the sorbent bed did not result in a significant improvement in

recovery for the less hydrophobic species.
The first six PAHs listed are relatively less hydrophobic and more soluble in water.
After a large volume of hard water passes through the sorbent, which is not hydrophobic
enough to trap the less hydrophobic compounds, these compounds come out with hard
water.

In order to more efficiently trap those PAHs that experienced partial or complete

breakthrough, we introduced 0.5 mL of commercial silica Cis sorbent adjacent to
SCX-2-+N(CH3)3C1s in a manner as depicted in Figure 12.
The sample passes through the SCX-2-+N(CH3)3Cis sorbent system first, then the
commercial silica Cis sorbent.

Our premise is that more hydrophobic PAHs will trap on

the SCX-2-+N(CH3)3C18 sorbent as in the first experiment so they can be subsequently
removed under mild conditions. PAHs that were not efficiently trapped using
SCX-2-+N(CH3)3Ci8

would therefore be trapped on the commercial

elution will be easier compared with more hydrophobic PAHs.

C^

sorbent, where

Elution is performed in

the reverse of sample flow to prevent PAHs removed from SCX-2- N(CH 3 ) 3 Ci 8 to be
trapped on commercial Cis sorbent.
50% 2-propanol rinse.

This experiment also runs using the 0.25M CaC^ in

Recoveries for the first six eluting PAHs increased after two

rinses because the added commercial Cis sorbent trapped these less hydrophobic PAHs.
Interestingly, the first five listed PAHs did not have as efficient first elution (< 90%) as
did the remaining PAHs trapped on the SCX-2-+N(CH3)Cig sorbent. This result proved

Figure 12.

Sorbent arrangement for the preconcentration of the 16 PAH

ON
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these PAHs were trapped on commercials Cis sorbent.

Since they have to pass through

a longer distance in the elution step, they need a longer time and more rinse to be
removed from the extraction sorbent.

A higher ionic strength rinse, 0.50M CaCl2 in

50% 2-propanol, was examined, with no significant difference in percent recoveries
observed.

Although the overall percent recoveries using a lower ionic strength rinse,

0.10M CaCb in 50% 2-propanol, were not significantly different from the other two
rinses, the elution profile revealed a lower percentage of PAHs eluting in the first rinse
and some PAHs with a significant portion eluting in the third rinse.

We attribute this

observation to a mass action effect, where a lower exchange ion concentration will
require more rinses for the surfactant-PAH association to be removed, which was
confirmed through nitrogen analysis.
Perhaps a very interesting aspect of this method development is that the elution
profiles for those more hydrophobic PAHs that were efficiently trapped on the SCX-2-Cig
sorbent were essentially the same in all the rinse optimizations except for the rinse having
a 25% 2-propanol component.

Even though these PAHs differ in hydrophobicity,

elution profiles were the same because hydrophobic interactions were not broken.

This

result further confirms the advantages of having a removable "stationary phase" on the
SCX-2- + N(CH 3 ) 3 Ci8 sorbent in the following experiments.

We performed two separate

extractions using 0.25-M CaCl 2 in 50% 2-propanol and 50% 2-propanol rinses.

Without

having added salt in the rinse solution, the more hydrophobic PAHs, benzo(a)anthracene
through indeno(l,2,3-cd)pyrene had lower recoveries of 84.8 ± 5.1%) through 65.2 ±
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5.7% after three bed rinses, respectively.

As reported above, quantitative removal for

this range of PAHs occurred after two rinses of 0.25M CaCl2 in 50% 2-propanol, with a
vast majority (90% and greater) eluting in the first rinse.

In figure 13 an elution profile

of indeno(l,2,3-cd)pyrene using these two rinses is presented.

Very efficient elutions

occur when the surfactant "stationary phase" is removed using the 0.25M CaCl2 in 50%
2-propanol rinse (95.4 ± 4.4%o in two rinses) compared to when the surfactant is not
removed using the 50% 2-propanol rinse (65.2 ± 5.7% in three rinses).

In the later case,

strong hydrophobic interactions between the sorbent and PAH need to be broken, which
leads to lower recovery.
We also applied this method to the preconcentration of these 16 PAHs in river water
(Barren River, Bowling Green, KY) according to the procedure described above using 1
L samples of 10%) methanol adjusted river.

The sample was allowed to settle overnight

in 10%o methanol. A blank river sample revealed no detectable PAHs. Next, we spiked the
PAH mixture at the sample level as in the previous experiments and calculated percent
recovery and detection limits (S/N=3) (Table 4). Detection limits were calculated by
multiplying the background noise by three then dividing by the slope of the response. An
example chromatogram of this extract is depicted in Figure 14. Although a broad peak
starting just after 17 minutes was part of each of the river extract chromatograms,
naphthalene and acenaphthylene, which eluted near this peak, were quantifiable.

We

attribute this broadened peak to humic acids because this peak appeared in the blank river
water chromatogram. This river water had a noticeable yellow-brown tint. The

1 0 0

90
80

i

70
• 5 0 % 2-propanol

60
50

rn 0 . 2 5 M C a C I 2
5 0 % 2-propanol

40
30
20
10
0

rinse 1

Figure 13.

rinse 2

rinse 3

Recovery of indeno(l,2,3-cd)pyrene versus rinse where the surfactant remains attached (using a 50% 2-propanol rinse)

and where the surfactant is removed (using a 0.25 M CaCl 2 50% 2-propanol rinse)
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Table 4.

Percent recoveries and method detection limits of the 16 PAHs in river water

using the surfactant immobilized sorbent, SCX-2-+N(CH3)3Cig, in conjunction with a
commercial Cis sorbent

HPLC
elution
order

Polyaromatic Hydrocarbon

Percent
recovery

DL

1

naphthalene

67.9±8.2

0.830

2

acenaphthylene

91.2+8.7

0.126

3

acenaphthene

117.8±13.8

0.0252

4

fluorene

95.4±2.5

0.125

5

phenanthrene

89.512.3

0.0189

6

anthracene

92.2±3.0

0.0291

7

fluoranthene

92.5±2.6

0.0869

8

pyrene

93.0±3.3

0.00549

9

benzo(a)anthracene

86.8±2.3

0.00172

10

chrysene

84.2±0.2

0.00297

11

benzo(b)fluoranthene

84.0±2.0

0.0103

12

benzo(k)fluoranthene

91.5±7.9

0.0105

13

benzo(a)pyrene

83.7±3.2

0.00427

14

dibenzo(a,h)anthracene

75.2+13.9

0.00173

15

benzo(g,h,i)perylene

95.2±8.2

0.0121

16

indeno(l,2,3-cd)pyrene

77.3±5.3

0.0351
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"E
D

ro

0.045

si

0.035

<

14

0.055

2
0.025

8

0.015
0.005
-0.005

10

13

>12

11
VJ VJ

7

15

U U J

•<--<-v-T-T-v-C\iC\IC\|CsJ<NC\jrocOCOCO
Retention Time (min.)

Figure 14. Fluorescence chromatogram of a spiked river water sample extract using SCX-2 conjugated with commercial C18 resin
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fluorescence chromatogram from a blank extract (surfactant, 2-propanol and CaCli)
resulted in a minimal response that occurred before 17 minutes. Injection of these extracts
containing surfactant and salt bring into question chromatographic

compatibility.

Through numerous injections of these extracts during the course of this study, we have
not observed any changes in separation efficiency or peak symmetry. In addition,
processed real and laboratory prepared hard samples did not prematurely remove
surfactant from this sorbent according to nitrogen analysis.

D.
D.l.

Investigation of Surfactants
Evaluation of sorbent hydrophobicity
In order to more efficiently trap those PAHs that are less hydrophobic and avoid the

dilemma

of

using

commercial

Ci8 sorbent,

hydrophobicity of our surfactant-sorbent systems.

we

devotde

effort to

increasing

Various chain lengths and chain

numbers with quaternary ammonium, pyridinium, or amine functional group based
surfactants attached to different strong cation exchange resin were investigated to reach
sufficient sorbent hydrophobicity to capture EPA's 16 priority PAHs.
test sorbent attached to various surfactants.
molecule.

SCX-2 is the first

Anthrancene was selected to be the test

The adjusted retention time of anthracene obtained from LC is a

measurement of relative hydrophobicity of the surfactant-sorbent system.
the retention time the greater the hydrophobicity of the sorbent.

The greater

The retention time of

anthracene and the percentage analysis of nitrogen and carbon in the prepared sorbent are
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listed in Table 5.

From the data we found there is a strong correlation between retention

time of anthracene and measured percent carbon in the sorbent.

The greater the percent

of carbon the greater the retention time, thus the greater the hydrophobicity.

Because

each attached molecule contains one nitrogen, percent nitrogen can be converted to moles
of nitrogen and provides an indication of the amount of alkyl groups attached to the silica
based support.
greater

In comparison of functional groups, the amine (Ci6 amine) allows a

density

of

alkyl

chains

than

the

trimethyl

ammonium

group

(Ci6

trimethylammonium bromide) orpyridinium group (Ci6pyridinium bromide), resulting in
a more hydrophobic sorbent.

Steric hindrance with the more bulky trimethylammonium

and pyridinium groups result a lesser amount of surface alkyl groups than the less bulky
amine group.

The Cis (Cis trimethylammonium bromide) chain attaches as efficiently

as the Ci6 (Ci6 trimethylammonium bromide) chain, therefore the greater carbon content
from the Cis chain results in greater percent of carbon and greater hydrophobicity.

Due

to steric hindrance, less of the di-Ci6 (di-Ci6 dimethylammonium bromide) chain
surfactant attached to the surface compared to the single Ci6 chain surfactant (Ci6
trimethylammonium bromide).

However, because one di-Ci6 dimethylammonium

bromide molecule contains two carbon chains, this results in a relatively greater density
of alkyl chains than with the single Ci6 chain surfactant; therefore a much greater percent
carbon than that of single Ci6 and greater hydrophobicity is observed.

Similarly, tri-Cs

amine allows greater alkyl density than di-Cg amine, and greater carbon content and
greater hydrophobicity.

Tri-Cn amine has the same alkyl density as tri-Cs amine, but

Table 5.

Evaluation of sorbent hydrophobicity using various surfactants immobilized on strong cation exchange resin SCX-2

SCX-2

surfactant

Rt(min)* %N

stdev

%C

stdev

C]6 amine

35

0.74

0.01

10.99

0.21

Ci6pyridinium bromide

25

0.5

0.01

9.75

0.26

Ci6 trimethylammonium bromide

22

0.54

0.01

9.74

0.21

Cis trimethylammonium bromide

28

0.55

0.01

10.81

0.46

di-Ci6 dimethylammonium bromide

47

0.4

0.02

11.97

0.3

di-Cs amine

14

0.54

0

8.31

0.44

tri-Cs amine

26

0.46

0.01

10.07

0.21

tri-Cn amine

43

0.41

0.02

12.65

0.98
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the greater carbon content from the longer alkyl chains results in greater retention time
from the greater hydrophobicity of the sorbent. We also investigated the unmodified silica
sorbent with different surfactants attached. The data (Table 6) are in good agreement
with the correlation between the carbon content in the sorbent and the retention time of
anthrancene obtained from SCX-2 sorbent.
Among

the

various

surfactants

attached

to

two

different sorbents,

di-Ci6

dimethylammonium has the highest hydrophobicity on both SCX-2 and Silica sorbent.
By comparison, SCX-2 allows lower alkyl density due to the steric hindrance of
sulfopropyl groups, and the resulting lower carbon content leads to less hydrophobicity
than that of the analogous silica sorbent.

Therefore, the silica attached with di-Ci6

dimethylammonium cation is the best combination having the greatest hydrophobicity.
This sorbent provided strong hydrophobic attraction of PAHs and also easy elution when
the PAHs were removed together with the pseudostationary phase using 5% acetic acid in
methanol.

D.2.

Applications of Silica Sorbent Attached with Pi-Cj_6 dimethylammonium

Surfactant
We applied this sorbent for the preconcentration of 16 PAHs in tap water according
to the mentioned procedure using 500mL samples of 10% methanol adjusted water.
percent recoveries are listed in Table 7.

The

We also performed the preconcentration of 16

Table 6. Evaluation of sorbent hydrophobicity using various surfactants immobilized on unmodified silica resin.

resin

surfactant

Rt(min)* %N

stdev

%C

stdev

silica

Ci6 ammonium hydroxide

23.92

0.13

0.008

1.11

0.009

di-CI6 dimethylammonium bromide

64.01

0.54

0.013

14.23

0.059

tri-Cg amine

12.48

0.3

0.01

5.59

0.048

di-CI8-ammonium

48.73

0.46

0.044

11.48

0.033

CT\
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Table 7. Percent recovery of PAHs in tap water and river water matrix using
dihexadecyldimethylammonium cations attached to unmodified silica sorbent and percent
recovery of PAHs in tap water matrix using commercial Cig sorbent*

PAHs

tap water

river water

tap water*

1

naphthalene

97.32 ±3.18

91.45 ± 1.47

83.18 ±2.59

2

acenaphthylene

88.95 ±4.19

104.56 ±5.65

44.63 ±4.17

3

acenaphthene

97.10 ±2.63

102.55 ± 0 . 8 4

89.41 ± 1.47

4

fluorene

104.06 ± 5.84

106.74 ± 1.28

81.82 ±4.86

5

phenanthrene

108.71 ± 3 . 7 4

106.99 ± 6 . 1 0

82.92 ±4.39

6

anthracene

45.04 ± 8.75

101.28 ± 5.54

44.60 ± 8.63

7

fluorenthene

100.69 ± 9 . 9 4

105.13 ± 7 . 2 3

69.17 ±9.35

8

pyrene

107.61 ±5.05

110.98 ± 6 . 5 8

88.23. ± 2 . 4 9

9

benzo(a)anthracene

87.35 ±3.75

102.14 ±4.55

84.63 ±3.67

10

chrysene

106.20 ± 7.50

107.49 ± 4.84

83.84 ± 0.90

11

benzo(b)fluoranthene

96.53 ±0.96

96.05 ± 1.56

84.65 ±3.27

12

benzo(k)fluoranthene

93.96 ±7.49

103.92 ± 5.14

84.52 ± 0 . 8 6

13

benzo(a)pyrene

29.32 ± 8.85

106.64 ± 1.40

11.92 ± 4 . 7 4

14

dib enzo (a,h) anthr ac ene

84.08 ±4.87

82.21 ± 2 . 1 9

81.20 ±3.03

15

benzo(ghi)perylene

102.10 ± 6.58

89.76 ±9.45

80.36 ±3.06

16

indeno (1,2,3 -cd)p yrene

91.11 ± 5 . 5 4

86.17 ± 1.73

76.49 ±2.13
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PAHs in tap water using commercial Cis sorbent in order to compare the efficiency of the
extraction of PAHs (Data are listed in the Table 7) by two different methods.
comparison,

the

percentage

recoveries

of

PAHs

obtained

by

the

By

di-Ci6

dimethylammonium cation surfactant attached to silica sorbent are even better than that
of commercial Cis sorbent.

The very low recoveries of anthracene(45.04 ± 8.75 and

44.60 ± 8.63 ) and benzo(a)pyrene (29.32 ± 8.85 and 11.92 ± 4.74) obtained from
both silica-di-Ci6 dimethylammonium sorbent and commercial 'Cis sorbent.

We

hypothesized that because this water was the same source as the river water, something
added during the water treatment process, such as chlorinated disinfectant, may be
degrading these PAHs.

To test this hypothesis, to a 500 ppm standard 16 PAH mixture

was added to 1 mL of tap water and 1 mL of commercial bleach (6% NaC104).

There

was a definite decrease in response of anthracene and benzo(a)pyrene compared to a
standard mixture and the other 14 PAHs.

In addition, a new early eluting peak was

observed in the resulting chromatogram which is likely a degradation product of one or
both of the PAHs.
The river water (Barren River, Bowling Green, KY) sample extraction was
performed using the same spike level and procedure as with the tap water, but low
percentage recoveries of anthracene and benzo(a)pyrene were not observed.

Efficient

recoveries obtained for all 16 PAHs are listed in Table 7 and chromatograms are depicted
in Figure 15.

Detection limits of 16 PAHs are calculated according to the same manner

• Dl water extract
• river water extract

1.5

• river water spike extract

1.3
1.1
0 9
a
1 0.7
£«
2 0.5
1Q

«

JU

o.3 ^i .
0.1
-0.1

0

-0.3

J

10

20

30

40

retention time (min.)

Figure 15.

Extraction of 16 PAHs in a Barren River Water matrix using dihexadecyldimethylammonium cations attached to

unmodified silica, (a) Chromatogram of

blank extraction of distilled water, (b) Chromatogram of the extraction of 1 OOOmL of Barren

River Water, (c) Chromatogram of the extraction of 1 OOOmL of Barren River Water spiked with 16 PAH
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noted above and listed in Table 8. For all 16 PAHs, detection limits are lower than EPA
maximum contaminant level of 0.2 ppb.
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Table

8.

Detection

limits

of

the

16

PAHs

in

river

water

dihexadecyldimethylammonium cations attached to unmodified silica sorbent
HPLC

Polyaromatic Hydrocarbon

elution order

DL
jig/L

1

naphthalene

0.0393

2

acenaphthylene

0.0789

3

acenaphthene

0.00762

4

fluorene

0.0306

5

phenanthxene

0.0059

6

anthracene

0.0085

7

fluorenthene

0.0294

8

pyrene

0.00174

9

benzo(a)anthracene

0.00031

10

chrysene

0.00091

11

benzo(b)fluoranthene

0.00324

12

benzo(k)fluoranthene

0.00159

13

benzo(a)pyrene

0.00126

14

dibenzo(a,h)anthxacene

0.00441

15

b enzo (ghi)p erylene

0.00337

16

indeno(l,2,3-cd)pyrene

0.0127

using

IV.

CONCLUSION

The new concept of a pseudostationary phase (cationic surfactant) for solid phase
extraction was presented.

This unique pseudostationary phase can lead to a tremendous

overall reduction in toxic and environmentally hazardous organic solvents that are
necessary for the elution and thus HPLC determination of hydrophobic pollutants via
traditional SPE sorbents.

Because sorbent-analyte hydrophobic interactions need not be

broken as would be in traditional SPE with a covalently attached stationary phase, the
hydrophobic test molecules are removed easily with the pseudostationary phase
regardless of degree of hydrophobicity.

Removal together with stationary phase is

appealing because strongly hydrophobic species are difficult to remove after trapping on
a non-polar SPE sorbent. Generally, toxic and HPLC incompatible solvents are required
for efficient removal. This method shows much promise for determining hydrophobic
pollutants under much greater environmentally favorable conditions than conventional
SPE.
Different solvents were tried for the elution step in order to meet the requirement of
complete analyte elution.

We have found that in most cases, when the pseudostationary

phase is removed, very efficient analyte removal follows.
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Various cationic surfactants attached to different strong cation exchange resin were
investigated in order to create sufficient hydrophobicity of solid phase extraction sorbents
to capture EPA 16 priority PAHs. Of the tested surfactant/silica combinations,
dihexadecyldimethylammonium cations attached to unmodified silica resulted in the
sorbent having the greatest hydrophobicity.

This sorbent provided strong hydrophobic

attraction of PAHs and also easy elution when the PAHs were removed together with the
pseudostationary phase using 5% acetic acid in methanol.
Applying this pseudostationary phase using dihexadecyldimethylammonium cations
attached to unmodified silica to extract PAHs in tap water and river water matrices,
efficient percentage recoveries were achieved and detection limits obtained from HPLC
are lower than the EPA maximum contaminate levels.
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